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China’s iron and steel sector is the largest in the world and has been the backbone of Chinese 
heavy industry. This sector is also a major consumer of energy and, in particular, coal. As a 
result, the iron and steel sector in China is a major contributor to greenhouse gas emissions 
and other pollutants. In this paper we examine the potential for inter-fuel substitution between 
coal, electricity, natural gas and oil in the Chinese iron and steel sector and find that these 
energy inputs are substitutes. The finding that these alternative energy sources are substitutes 
for coal suggests that China has the potential to switch from coal to cleaner energy sources; 
hence, retaining the ability to fuel its iron and steel sector, while reducing the adverse 
environmental implications. 
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China is one of the fastest growing economies in the world and has been so since economic 
reforms in the late 1970s. Over a period of roughly three decades, China’s GDP growth rate 
has approximated 10% per annum and China’s aggregate GDP was $US4.3 trillion in 2008 
(SSB, 2009). China’s energy consumption has increased over time. China’s primary energy 
consumption was 2002.5 million tons oil equivalent in 2008, with annual growth of 16.8% 
over the period 2002-2008 (BP, 2009). China has been the world’s largest consumer of coal 
since 1986, and the world’s second largest consumer of electricity since 1995 and oil since 
2002 (BP, 2009). Overall, China is now the second largest consumer of energy products after 
the United States and it is fast closing on the United States. In 1978, at the start of economic 
reforms in China, China’s share of global energy consumption was 6.3%, while the 
corresponding figure for the United States was 28.6%. In 2008, China’s share of global 
energy consumption was 17.7%, while in the United States it was 20.4% (Ma et al., 2010). 
 
China’s total production of crude steel increased from 37.1 million metric tons in 1980 to 
418.8 million tons in 2006 (Wei et al., 2007). China moved from being the world’s fifth 
biggest producer of iron and steel in 1980 to being the largest by 1996 (Ma et al., 2002). The 
iron and steel sector is energy intensive. It is the biggest energy consuming sector in the 
world, accounting for approximately 18% of China’s total energy consumption. It is a 
massive consumer of coal in particular. This has generated severe environmental problems in 
the coal mining regions and around the iron and steel plants (Zeng et al., 2009). A large 
literature has emerged that examines various aspects of China’s energy consumption (see Ma 
et al. 2010 for a review). A subset of this literature has looked at China’s iron and steel sector 
(see Ma et al., 2002; Wang et al, 2007; Wei et al., 2007;  Zhang & Wang, 2008; Zeng et al., 3 
 
2009). This paper adds to this literature by examining inter-fuel substitution in China’s iron 
and steel sector. The composition of China’s energy demand is changing with rising 
environmental awareness. The objective of Chinese public policy is to see the share of coal 
consumption decline and be replaced with electricity, gas and oil (Ma et al., 2008). As China 
reduces reliance on coal in favour of other energy sources, this will have implications for 
China’s projected economic growth, environmental outcomes and world energy markets (Ma 
et al., 2008). It is important that forecasts for economic growth and energy demand be based 
on empirically estimated elasticities for inter-fuel substitution. There are, however, few 
studies that consider inter-fuel substitution in Chinese industry. Ma et al. (2008, 2009) 
examine inter-fuel substitution for Chinese industry as a whole. But, for policy purposes, it is 
often useful to have an indication of inter-fuel substitution possibilities for specific industries 
and, in particular, industries that are large consumers of energy, such as the iron and steel 
sector. 
 
2.  China’s Iron and Steel Sector 
The iron and steel sector has long played an important role in the Chinese economy. The iron 
and steel sector has been favoured by China’s promotion of heavy industry over several 
decades (Wu, 2000). China is the world’s largest producer of iron and steel. In 2006, China’s 
share of world steel production was 34% and this figure is expected to increase, consistent 
with continued growth in domestic demand (Guo & Fu, 2010). In contrast to other countries, 
the iron and steel sector in China has a large number of small, inefficient producers. In the 
late 1990s there were 1570 iron and steel plants in China, averaging 50 plants in each of 
China’s 31 provinces. This situation suggests China’s iron and steel sector is not fully 
benefiting from economies of scale (Wu, 2000). Several studies using both cross-sectional 
and panel data for the iron and steel sector over the last three decades have shown that the 4 
 
iron and steel sector is inefficient (Jefferson, 1990; Kalijaran & Cao, 1993; Wu, 1996; 
Movshuk, 2004). 
 
Since the late 1990s, the Chinese government has encouraged mergers of smaller plants as 
part of its more general policy to overhaul the state-owned sector, initiated by Zhu Rongji, of 
‘grasp the large, release the small’ (zhuada fangxiao). Under this policy small state-owned 
enterprises were ‘released’ from state support by mergers with other enterprises or other 
forms of ownership transformation. As an extension of this policy since 2005, when the 
Chinese government promulgated its ‘Steel Industry Development Policy’, it has made it 
difficult for small iron and steel plants to access credit or acquire land (Wu, 2000; Wang et 
al.,  2007). Traditionally, the sector was dominated by ‘key’ and ‘local’ state-owned 
enterprises. Since the late 1970s, with the exception of crude steel production, non-state 
enterprises have become more important in this sector. In the iron ore sector, for example, 
non-state enterprises were responsible for 45% of output by the late 1990s (Wu, 2000). In the 
processing sector, the output share of the non-state sector is smaller, but has still increased 
over time (Wu, 2000).  Crude steel production, however, continues to be dominated by a few 
large state-owned enterprises. In 2003, China’s 10 largest steel firms produced more than a 
third of China’s steel output with the top four firms producing more than 20% (Guo & Fu, 
2010). China’s iron and steel sector has attracted little foreign direct investment (Wu, 2000). 
Moreover, ownership reform has been limited in practice. While the iron and steel sector has 
been at the forefront of the creation of publicly-listed companies – for example in 1993 
Maanshan Iron and Steel became the first publicly-listed state-owned enterprise in China – 
only a small proportion of shares have genuinely become available to outsiders. Instead, the 
majority of shares typically remain under the control of the central and local authorities or the 
enterprises themselves (Lardy, 1998). The OECD (2000, p. 18) suggested that many publicly 5 
 
listed iron and steel enterprises are “state-owned enterprises in the guise of modern 
corporations”.  
------------------ 
Insert Table 1 
-------------------- 
In 2000 China’s iron and steel sector was responsible for 12.86% of China’s energy 
consumption. By 2007 this figure had increased to 17.99%. Over the same period, the iron 
and steel sector’s share of industrial energy consumption increased from 18.67% to 25.12% 
(see Table 1). Energy consumption per ton of steel in China is 15%-20% higher than the best 
international practice (Zeng et al., 2009). Coal is the most important fuel used in the Chinese 
iron and steel sector. In 2004, the energy consumption mix of the Chinese iron and steel 
sector was 69.9% coal, 26.4% electricity, 3.2% fuel oil and 0.5% natural gas (Guo & Fu, 
2010).  
 
China’s CO2 emissions have increased dramatically over the previous five years 
(Auffhammer & Carson, 2008), such that China is now the second largest gas emitter in the 
world (Ma et al., 2009).  The iron and steel industry is a major contributor to CO2 emissions 
and other pollutants in China. Because of its heavy reliance on coal and high consumption of 
limestone, the iron and steel sector is the third largest CO2 emitter in China, following the 
power and construction materials industries (Zeng et al., 2009). CO2 emissions from the 
Chinese iron and steel sector account for about 10% of China’s CO2 emissions and 35%-40% 
of CO2 emissions in major cities (Zeng et al., 2009). The iron and steel sector is also 
responsible for 14% of China’s total wastewater and waste gas and 6% of total solid waste 
materials generated (Guo & Fu, 2010). 
 6 
 
3. Existing  Literature 
A large number of studies exist which investigate the demand for energy and inter-fuel 
substitution (see eg., Considine, 1989; Hall, 1986; Jones, 1995; Serletis & Shahmoradi, 2008; 
Serletis et al., 2009, 2010; Uri, 1979).  The evidence on inter-fuel substitution from these 
studies, however, is mixed and many of the early contributions are dated because they use 
data prior to the 1970s (Serletis et al., 2010). Moreover, there are few studies that examine 
inter-fuel substitution in developing countries. One such study is Serletis et al., (2009), who 
examine inter-fuel substitution in six high income countries, five middle income countries 
and four low income countries, including China.  
 
There is a large literature on various aspects of energy consumption and the relationship 
between energy consumption and economic growth in China. Existing studies for China fall 
predominantly into one of four categories: (i) economic growth and energy consumption; (ii) 
China’s changing energy intensity; (iii) energy demand and factor substitution; and (iv) 
energy price convergence (see Ma et al., 2010 for an extensive review of this literature).  
There are few studies on inter-fuel substitution in China. In addition to the multi-country 
study by Serletis et al., (2009), which includes China, Ma et al. (2008, 2009) examine inter-
fuel substitution in the Chinese context. Ma et al. (2009) examined inter-fuel substitution 
between coal, electricity and oil for Chinese industrial enterprises using panel data over the 
period 1995 and 2004. Their conclusion was that coal and electricity and electricity and oil 
are substitutes, while electricity and oil are complements. Ma et al. (2008) examined inter-
fuel substitution between coal, electricity, diesel and gasoline over the same period as their 
other study, but employing more disaggregated energy consumption data. The main 
conclusion from this study was that coal is substitutable with electricity and complementary 
with diesel, while electricity and gasoline are substitutable with diesel.  7 
 
 
There are a number of studies that describe institutional reforms in the Chinese iron and steel 
sector (see eg. Wu, 2000). Similarly, there are a number of studies that examine the 
efficiency of Chinese iron and steel firms (Jefferson, 1990; Kalijaran & Cao, 1993; Wu, 
1996; Movshuk, 2004). Liu et al. (1996), Worrell (1995) and Guo and Fu (2010) discuss 
trends in energy consumption in the Chinese iron and steel sector.  Ma et al. (2002), Wei et 
al. (2007) and Zhang and Wang (2008) examine energy efficiency in China’s iron and steel 
industry. Wang et al. (2007) and Zeng et al. (2009) examine the potential role that the 
Chinese iron and steel sector can play in reducing greenhouse gas emissions. There are, 
however, no studies of inter-fuel substitution possibilities in the Chinese iron and steel sector, 
which is a gap this study fills. 
 
4. Data 
We use annual time series data for the period 1978 to 2007 (1978=100). Data on the output of 
the Chinese iron and steel sector at current prices are from SSB (2000, 2008a, 2008b). The 
implicit price deflator for Chinese gross capital formation is from SSB (2004, 2008a).  Data 
on gross capital formation of the Chinese iron and steel sector at current prices are from SSB 
(2000, 2008b).  Capital stock in the iron and steel sector (1978=100) was calculated by the 
perpetual inventory method as follows: 
 
In this equation Kt is capital stock for year t, Kt-1 is capital stock for year t-1, It is the 
additional capital investment for year t and δt represents the depreciate rate. 
 8 
 
According to the Chinese National Bureau of Statistics, the fixed assets depreciation rate for 
enterprise is 5.5% and the loan interest rate between 3-5years is 5.58%. Hence, we assume 
that the annual depreciation rate for Chinese steel industry is 5%.  Data on labour employed 
in the Chinese iron and steel sector are from SSB (2000, 2008).  Data on consumption of 
coal, electricity, natural gas and oil (all expressed in 10,000 tons of standard coal) in the 
Chinese iron and steel sector are from SSB (2000, 2008b). Figure 1 plots each of the 
variables over the period employed in the study. 
----------------- 
Insert Fig. 1 
--------------------- 
5.  Production Function Framework 
The usual approach in the energy economics literature is to employ a translog cost function to 
estimate energy demand elasticities. In this study we employ a log linear translog production 
and cost function to investigate the extent of inter-fuel substitution between coal, petroleum, 
natural gas, and electricity in the Chinese iron and steel sector during the period 1978-2007. 
A translog production function, describing the relationship between output and input services 
from several different productive factors, may be expressed in a general functional form as 
follows: 
 
Here, Y denotes output, represents the state of technical knowledge, and  and   are 
inputs.   and  are technologically determined parameters. Equality of  and     is 
necessary for the applicability of Young's theorem to integrable functions. We assume that 
for China’s steel sector there exists a twice-differentiable aggregate translog production 
function relating gross output to capital, labour, coal, petroleum, natural gas, and electricity 9 
 
inputs. Following the results of previous studies, this production function is assumed to 
exhibit constant returns to scale and Hicks-neutral technical change. The dual of this twice-
differentiable production function is a twice-differentiable production function, which can be 




      (2) 
 
 
where   represents China’s steel output and    ; ;  ;  and  denote the inputs of 
capital, labour, coal, petroleum, natural gas and electricity; respectively,    denotes the inputs 
of the parameters to be estimated，  is a constant and t is a time index. 
The economic region of a linearly homogeneous production function is characterized by 
strictly positive marginal productivities of all inputs. This can be expressed as: 
 
The output elasticity for coal is:  
 
 
The output elasticity for petroleum is: 
   




The output elasticity for electricity is: 
 
Because the elasticities of output are functions of energy consumption, they will vary across 
the sample. The substitution elasticity between coal, petroleum, natural gas and electricity in 
the iron and steel industry can be calculated as follows:  
 




Due to    (9) 
Where MP is the marginal product. 








Integrating Equation (13) and Equation (14) with Equation (12), we get:  
        (15) 
Substituting Equation (15) into Equation (10), the substitution elasticity between coal and oil 
can be obtained:  
                                                   (16) 
Other inter-fuel substitution elasticities can be written as follows: 










Where  ，  ，        represent interfuel elasticities between coal-oil, coal-




6.  Estimation Procedure and Results 
We begin with an analysis of the correlations among the variables to gauge whether or not 
there was multicollinearity among the variables. Using the Pearson correlation test, we found 
evidence of significant multicollinearity among the independent variables. This means that it 
is not feasible to estimate the parameters of the translog production function using ordinary 
least squares. Instead, the ridge regression, which is an effective way to address 
multicollinearity, is used to estimate the coefficients. More details on the estimation of the 
ridge regression are provided in Appendix 1. Based on the Ridge plot in Figure 2 and the 
variance inflation factors (VIF) we take 0.20 as the ridge parameter. The estimated results for 
the parameters are shown in Table 2. Based on the parameters in Table 2, the output elasticity 
and substitution elasticity for coal, electricity, natural gas and oil are given in Tables 3 and 4. 
-------------------------------- 
Insert Fig. 2; Tables 2-4 
-------------------------------------- 
Table 3 shows that the output elasticities for coal, electricity, natural gas and oil. In each case 
the output elasticities have been positive, but inelastic over the period studied. The ranking of 
the elasticities has been unchanged over this period. Natural gas is most inelastic, followed by 
oil, coal and electricity. The output elasticity for coal and electricity has remained relatively 
constant; however, the output elasticity of natural gas and oil has increased over time. Table 4 
shows the inter-fuel substitution elasticities for the various energy inputs. Table 4 suggests 
that coal and natural gas, coal and oil and coal and electricity are substitutes. That coal and 
electricity are substitutes is consistent with previous findings for Chinese industry by Ma et 
al. (2008, 2009) and other countries, such as Korea (Bong & Labys, 1988). The substitution 
elasticity between coal and electricity and between coal and natural gas has been fairly 13 
 
constant, although the substitution elasticity between coal and oil has increased over the 
period studied. Oil and natural gas, oil and electricity and natural gas and electricity are also 
substitutes in the iron and steel sector. The substitution elasticity between electricity and oil 
and between electricity and natural gas has been constant, but the substitution elasticity 
between oil and natural gas has shown a marked increase between 1978 and 2007. 
 
Employing the aggregate translog production function of the Chinese iron and steel sector, 
and combining the output elasticity and estimated coefficients from Equation 2, we can also 
calculate relative differences in technical progress of the energy inputs. The difference 
between technical progress of the various energy resources be formulated as: 
       (21) 
Here,  denotes differences among technical progress of the various energy inputs,  and   
represent the estimated coefficients in Equation (2),   and   are the output state of technical 
knowledge, and   and   are inputs of coal, oil, natural gas and electricity.  If   is positive, 
then technical progress for I is faster than J; if   is negative, then technical progress for I is 
slower than J; and if   is zero, then technical progresses for I is equal to J. 
----------------- 
Insert Fig. 3 
--------------------- 
The result for Equation (21) is illustrated in Figure 3. There are some differences in the 
relative technological progress of the four energy inputs, but the differences are generally 
small and there is strong evidence of convergence over time. The difference in technical 
progress between coal and other energy resources is positive, but coal versus natural gas and 14 
 
coal versus electricity are close to zero and coal versus oil has declined sharply over time. 
This suggests that while coal is the primary form of energy consumption in the iron and steel 
sector, its dominant position is on the decline. The difference in relative technological 
progress between oil and natural gas and between oil and electricity is negative, but has 
increased over time, consistent with convergence in relative technological progress.  
 
7. Conclusion 
The main finding from this paper is that electricity, natural gas and oil are substitutes for coal 
in the production of Chinese iron and steel. This finding has important policy implications at 
a time when the Chinese government is coming under increasing pressure from the World 
Bank (2007), among others, to reduce greenhouse gas emissions and other pollutants 
generated by burning dirty coal. Coal is the dominant contributor to Chinese carbon 
emissions – in 2006 it was responsible for 84% of emissions (International Energy Agency, 
2008a). The finding that electricity, natural gas and oil are substitutes for coal suggests that 
China has the potential to switch from greenhouse gas emitting coal to cleaner energy 
sources; hence, retaining the ability to fuel its iron and steel sector, while reducing the 
adverse environmental implications.  The finding that electricity is a substitute for coal in the 
Chinese iron and steel sector is consistent with recent findings for Chinese industry more 
generally (Ma et al. 2008, 2009). However, as Ma et al., (2008) note, the extent to which 
substituting electricity for coal will be effective in reducing greenhouse gas emissions 
depends on the extent to which coal (and to a lesser extent oil) is used to generate electricity. 
China has experienced substantial growth in the demand for electricity for industrial purposes 
over the last decade (Wang et al. 2010). Currently, almost half of China’s current coal 
production is consumed within the electricity sector (International Energy Agency, 2008b). 15 
 
 
In this respect, the most that can be said is that Chinese environmental regulations have 
reduced the ability of firms to directly produce electricity from coal. As a result, firms are 
moving away from self-generation of electricity and are, instead, purchasing electricity from 
the grid, which is produced more efficiently. Another catalyst hastening the need to move 
away from coal in electricity generation has been the inability of coal to meet rapid growth in 
electricity demand since 2000. This generated power shortages in many of China’s provinces 
in 2003-2004 and again in 2008. The shortages in 2003-2004 were due to insufficient railroad 
infrastructure that left coal shipments stranded at mine sites. Outages in 2008 reflected poor 
weather conditions, combined with insufficient coal stockpiles and transportation difficulties 
(Shealy & Dorian, 2010).  If China does substitute other forms of energy, such as electricity, 
for coal, which it has in abundance, this suggests it will become more reliant on imported 
sources of energy or new sources of generation to fuel its power stations. Moreover, to the 
extent that electricity replaces coal, there can be expected to be further integration of the 
domestic Chinese energy market given that electricity benefits much more than coal from 
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Table 1 Energy consumption in the Chinese Steel Sector  
Year 
Energy consumption in 
steel sector(10,000 tons 
of standard coal) 
Energy consumption 
in industry sector 
(10,000 tons of 
standard coal) 
Energy consumption 
for China(10,000 tons 
of standard coal) 
Energy consumption of 
steel sector as a proportion 
of energy consumption of 
Chinese industry (%)  
Energy consumption of 
steel sector as a proportion 
of Chinese total energy 
consumption (%) 
2000  17820.391   95442.800   138553.000   18.671   12.862  
2001  18056.390   98273.300   143199.000   18.374   12.609  
2002  19658.350   104088.100   151797.000   18.886   12.950  
2003  24357.940   121731.860   174990.000   20.010   13.920  
2004  29702.490   143244.020   203227.000   20.736   14.615  
2005  36870.190   149638.920   224682.000   24.639   16.410  
2006  42436.904   164415.939   246270.000   25.811   17.232  





Table 2: Results of ridge regression estimation 
Variable      B SE(B) Beta  T  sig  P 
INK             0.086   0.037  0.105  2.336  0.036  
INL              0.028   0.249  0.006  0.113  0.912  
INC            0.232   0.042  0.103  5.459  0.000  
INO             -0.163   0.038  -0.065  -4.348  0.001  
ING           -0.025   0.029  -0.012  -0.855  0.408  
INE            0.171   0.014  0.135  11.872  0.000  
INC*INO    0.002   0.013  0.005  0.150  0.883  
INC*ING    0.002   0.003  0.009  0.666  0.517  
INC*INE    0.012   0.001  0.128  11.777  0.000  
INO*ING    -0.010   0.005  -0.027  -1.802  0.095  
INO*INE    0.054   0.009  0.151  6.096  0.000  
ING*INE    0.013   0.004  0.047  3.030  0.010  
INC*INC    0.013   0.002  0.105  5.668  0.000  
INO*INO    -0.013   0.003  -0.061  -3.855  0.002  
ING*ING    0.008   0.015  0.014  0.544  0.596  
INE*INE    0.013   0.001  0.137  10.111  0.000  

















1978   0.542   0.011  0.047  0.798 
1979   0.542   0.018  0.048  0.792 
1980  0.541   0.024  0.046  0.783 
1981  0.538   0.027  0.042  0.771 
1982  0.539   0.030  0.042  0.771 
1983  0.540   0.034  0.044  0.771 
1984  0.543   0.038  0.044  0.773 
1985  0.546   0.043  0.045  0.775 
1986  0.549   0.044  0.046  0.788 
1987  0.551   0.049  0.047  0.791 
1988  0.552   0.050  0.049  0.796 
1989  0.554   0.054  0.049  0.800 
1990  0.556   0.058  0.049  0.802 
1991  0.557   0.059  0.049  0.801 
1992  0.560   0.066  0.049  0.808 
1993  0.563   0.070  0.052  0.815 
1994  0.564   0.072  0.052  0.813 
1995  0.565   0.079  0.050  0.808 
1996  0.567   0.083  0.049  0.804 
1997  0.565   0.089  0.048  0.794 
1998  0.566   0.092  0.049  0.789 
1999  0.566   0.099  0.052  0.780 
2000  0.569   0.111  0.060  0.779 23 
 
2001  0.570   0.115  0.049  0.772 
2002  0.573   0.125  0.056  0.767 
2003  0.576   0.129  0.047  0.786 
2004  0.588   0.150  0.075  0.800 
2005  0.596   0.160  0.084  0.808 
2006  0.600   0.171  0.090  0.810 





Table 4: Substitution Elasticity of Alternative Energy Inputs in Iron and Steel 
Sector  










natural gas vs 
electricity 
1978   1.223 0.444   1.015  0.074  1.074   1.016 
1979   1.226 0.561   1.015  0.064  1.075   1.016 
1980  1.238 0.626   1.015  0.110  1.076   1.017 
1981  1.263 0.651   1.015  0.081  1.078   1.017 
1982  1.259 0.673   1.015  0.258  1.078   1.017 
1983  1.250 0.702   1.015  0.310  1.078   1.017 
1984  1.247 0.723   1.015  0.377  1.078   1.017 
1985  1.243 0.745   1.015  0.459  1.079   1.017 
1986  1.235 0.750   1.015  0.509  1.077   1.017 
1987  1.230 0.765   1.015  0.614  1.077   1.016 
1988  1.221 0.768   1.015  0.704  1.077   1.016 
1989  1.217 0.780   1.015  0.760  1.077   1.016 
1990  1.217 0.792   1.015  0.854  1.077   1.016 
1991  1.218 0.794   1.015  0.896  1.077   1.016 
1992  1.217 0.808   1.014  0.855  1.077   1.016 
1993  1.205 0.817   1.014  0.987  1.077   1.016 
1994  1.205 0.821   1.014  1.071  1.077   1.016 
1995  1.214 0.831   1.014  1.665  1.078   1.016 
1996  1.218 0.838   1.014  1.623  1.079   1.016 
1997  1.224 0.845   1.015  1.523  1.081   1.016 
1998  1.219 0.848   1.015  1.487  1.082   1.017 
1999  1.206 0.855   1.015  1.441  1.083   1.017 25 
 
2000  1.176 0.865   1.015  1.405  1.085   1.017 
2001  1.217 0.868   1.015  1.928  1.086   1.017 
2002  1.189 0.875   1.015  1.759  1.088   1.017 
2003  1.227 0.878   1.015  2.110  1.086   1.017 
2004  1.139 0.889   1.014  2.121  1.086   1.016 
2005  1.125 0.893   1.014  2.097  1.086   1.016 
2006  1.117 0.897   1.014  2.098  1.088   1.016 
2007  1.111 0.900   1.014  2.123  1.088   1.016 
 26 
 
































Iron and steel output
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Appendix 1: The Ridge Equation 
In this section, since the ridge equation is not widely used in this literature, we 
provide an overview of the ridge equation and how it was conducted in our study. We 
begin by considering the following linear model: 
       
Here   and   are   vectors and X is an   full rank matrix of explanatory 
variables. Note, here, that for the  positive definite matrix,  , there 
exists a   orthogonal matrix T, such that  where 
and   are the ordered eigenvalues of the S 
matrix. Making use of these matrices, we can rewrite Equation (A1) as follows: 
        
Here   and .  The ordinary least squares estimator (OLSE) of   is 
    , whose ith element is given by:  
                               (A3) 
And the covariance matrix of   is 
                                      (A4) 32 
 
If the   matrix is multicollinear, as is the case with our proposed production function, 
then the covariance matrix of   is likely to contain some large values. It follows that 
the eigenvalues of   will differ considerably in magnitude with some roots being close 
to 0. Under this circumstance,  becomes inefficient. 
A solution to the problem of multicollinearity is to use an alternative estimator to the 
least squares procedure. One alternative, which we consider here, is to use a biased 
estimation technique, which, by virtue of allowing for a certain level of bias, actually 
reduces its variance. Our approach is to use the ridge regression method. 
The generalized ridge regression estimator of   is defined in the orthogonal Equation 
(A2) to be: 
                                                                 (A5)  
Where  is a   diagonal matrix, whose diagonal elements  are 
biasing parameters. If all biasing parameters are the same, then     
 is called an ordinary ridge regression estimator. This 
generalized ridge regression estimator in can be written as: 
.                                                                        (A6) 
By using the ridge regression estimates   the regression model obtained can be 
written as follows: 
                      (A7) 33 
 
In the above equation, the ridge regression estimates are computed for various values 
of k, starting from k=0 until a value of k is determined for which all the regression 
coefficients appear to have stabilized. Several calculations may be required before the 
estimates of the coefficients reach stability. By plotting the values of the coefficients 
against the successive values of k, a curve referred to as the ridge trace is obtained.  